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ABS TRACT 
V a r i a t i o n s  i n  ambien t  t empera tu re  have a n e g a t i v e  e f f e c t  on t h e  per fo rmance o f  
any f i b e r  o p t i c  sens ing  s y s t e m .  A change i n  ambien t  t empera tu re  may a l t e r  t h e  
d e s i g n  parameters  o f  f i b e r  o p t i c  c a b l e s ,  connec to rs ,  sources ,  d e t e c t o r s ,  and other 
f i b e r  o p t i c  components and e v e n t u a l l y  t h e  performance of t h e  e n t i r e  system. The 
thermal  s t a b i l i t y  o f  components i s  e s p e c i a l l y  i m p o r t a n t  i n  a system wh ich  employs 
i n t e n s i t y  modu la ted  sensors .  Severa l  r e f e r e n c i n g  schemes have been deve loped t o  
account  for t h e  v a r i a b l e  l o s s e s  t h a t  o c c u r  w i t h i n  t h e  system. However, none o f  these  
c o n v e n t i o n a l  compensat ing techn iques  can be used t o  s t a b i l i z e  t h e  thermal  d r i f t  o f  
t h e  l i g h t  source i n  a system based on  t h e  s p e c t r a l  p r o p e r t i e s  o f  t h e  sensor m a t e r i a l .  
The compensat ion f o r  changes i n  ambien t  tempera ture  becomes e s p e c i a l l y  i m p o r t a n t  i n  
f i b e r  o p t i c  thermometers doped w i t h  r a r e  e a r t h s .  Thus, t h e  purpose o f  t h i s  work i s  
t o  search  and ana lyze  d i f f e r e n t  approaches t o  s o l v i n g  t h i s  p rob lem.  
1 .  INTRODUCTION 
S p e c t r a l  sensors a r e  those t h a t  respond t o  the  measured parameter  by  m o d u l a t i n g  
t h e  s p e c t r u m  o f  an o p t i c a l  s i g n a l  a c c o r d i n g  t o  s p e c t r a l  c h a r a c t e r i s t i c s  o f  t h e  sensor  
m a t e r i a l .  The s p e c t r a l  sensors a r e  governed by  d i f f e r e n t  p h y s i c a l  phenomena, among 
wh ich  a b s o r p t i o n  i s  t h e  most commonly used. The measured parameter  ( t e m p e r a t u r e ,  
p r e s s u r e ,  e t c . )  a l t e r s  the  a b s o r p t i o n  spec t rum o f  t h e  sensor m a t e r i a l  and changes t h e  
t r a n s m i s s i o n  of t h e  s y s t e m  a c c o r d i n  1 . Var ious  s p e c t r a l  sensors  have a l r e a d y  been 
d i scussed  i n  numerous p u b l i c a t i o n s .  9 - i  
The i n h e r e n t l y  s e l e c t i v e  o p t i c a l  p r o p e r t i e s  o f  t h e  s p e c t r a l  sensors  make t h e  
e n t i r e  system h e a v i l y  dependent on t h e  s t a b i l i t y  o f  t h e  l i g h t  sources used. L i g h t  
e m i t t i n g  d iodes  (LED) have r e l a t i v e l y  nar row s p e c t r a l  bandwid ths .  A change i n  t h e  
ambient t empera tu re  causes t h e  LED to  change i t s  c e n t r a l  wave leng th ,  s p e c t r a l  band- 
w i d t h ,  and e m i t t e d  power. T h i s  r e s u l t s  i n  changes i n  t h e  r e t u r n  s i g n a l  t h a t  a r e  n o t  
a r e s u l t  o f  changes i n  t h e  measurand. The s i g n a l  p r o c e s s i n g  e l e c t r o n i c s  do n o t  d i s -  
c r i m i n a t e  between t r a n s m i s s i o n  v a r i a t i o n s  due t o  changes i n  t h e  measured parameter  
and those due t o  changes i n  t h e  ambien t  c o n d i t i o n s .  Thus t h e  a m b i g u i t y  r e s u l t s  i n  
an i n c r e a s e d  e r r o r  and l i m i t s  a p p l i c a b i l i t y  o f  s p e c t r a l  sensors .  
Ambient temperature has t h e  g r e a t e s t  e f f e c t  on t h e  s p e c t r a l  and power charac-  
t e r i s t i c s  o f  the  l i g h t  sources.  The s p e c t r a l  s t a b i l i t y  o f  t he  sources becomes 
e s p e c i a l l y  i m p o r t a n t  i n  a i r b o r n e  f i b e r  o p t i c  sens ing  systems. O p t i c a l  sources f o r  
a i r c r a f t  a p p l i c a t i o n s  a r e  expec ted  t o  o p e r a t e  over a temperature range from -55 t o  
1 2 5  O C .  I n  t h i s  work we w i l l  d i s c u s s  d i f f e r e n t  ways t o  compensate f o r  or a t  l e a s t  
m in im ize  t h e  e f f e c t s  o f  a chang ing  ambient t empera tu re  on t h e  performance o f  a f i b e r  
, ~ p t i c  thermometer based on a b s o r p t i o n  i n  r a r e - e a r t h  doped m a t e r i a l s .  
Due to  a s p e c i f i c  e l e c t r o n  c o n f i g u r a t i o n  o f  t h e  r a r e  e a r t h s ,  a l l  e lements o f  
t h i s  group e x h i b i t  a s t r o n g  tempera tu re  dependent a b s o r p t i o n  a f t e r  b e i n g  i n c o r p o r a t e d  
i n t o  a h o s t  m a t e r i a l  as i m p u r i t y  i o n s .  The a b s o r p t i o n  spectrum o f  t h e  r a r e  e a r t h  i o n  
v a r i e s  f r o m  element t o  e lement  and a l s o  depends on t h e  h o s t  medium.5,6 
i s  one o f  t h e  most a t t r a c t i v e  m a t e r i a l s  t o  use i n  tempera tu re  sensing s y s t e m s ,  m a i n l y  
because i t s  a b s o r p t i o n  spec t rum l i e s  i n  t h e  same s p e c t r a l  r e g i o n  as c o m m e r c i a l l y  
a v a i l a b l e  h i g h  power GaAlAs LEDs. 
can be ach ieved  o v e r  a b road  range o f  tempera tu res .  
Neodymium 
A t  t h e  same t i m e  a c c u r a t e  temperature measurement 
2 .  EFFECT OF TEMPERATURE ON LED PERFORMANCE 
The s p e c t r a l  d i s t r i b u t i o n  o f  energy r a d i a t e d  from an LED d u r i n g  an e l e c t r o n -  
h o l e  r e c o m b i n a t i o n  process i s  governed by t h e  Bol tzmann r e l a t i o n  and i s  t h e r e f o r e  
tempera tu re  dependent.  The t h e o r y  o f  t h i s  phenomenon i s  e x p l a i n e d  i n  d e t a i l  i n  
numerous u b l i c a t i o n s  on semiconduc to rs ,  s o l i d  s t a t e  p h y s i c s ,  and o p t i c a l  communi- 
~ a t i o n . ~ - ? o  I t  has a l s o  been shown t h a t  t h e  observed emiss ion  s p e c t r a  o f  LEDs a r e  
much more symmetr ica l  around t h e  c e n t r a l  wave length  than  one would expec t  from theo- 
r e t i c a l  p r e d i c t i o n s .  Fo r  reasons o f  s i m p l i c i t y ,  i t  i s  c o n v e n t i o n a l l y  accepted  t o  
t r e a t  t h e  e m i s s i o n  spec t rum o f  an LED as a Gaussian d i s t r i b u t i o n .  The c e n t r a l  wave- 
l e n g t h  o f  t h e  emiss ion  spec t rum i s  de te rm ined  l a r g e l y  by a d i r e c t  band gap i n  a 
b i n a r y  semiconductor  m a t e r i a l .  GaAs, InSb ,  and I n P  a r e  examples o f  111-V b i n a r y  com- 
pounds w i d e l y  used f o r  m a n u f a c t u r i n g  LEDs. Tuning o f  t h e  c e n t r a l  wave length  can be 
o b t a i n e d  b y  v a r y i n g  t h e  c o m p o s i t i o n  o f  components i n  more complex c o n f i g u r a t i o n s  l i k e  
t e r n a r y  (GaAlAs) or q u a t e r n a r y  (InGaAsP, InGaAsSb) systems. I n  a l l  cases, t h e  t e m -  
p e r a t u r e  has a d i r e c t  e f f e c t  on t h e  band gap and i t s  i n c r e a s e  causes t h e  c e n t r a l  
wave length  t o  s h i f t  toward l o n g e r  wave leng ths .  The s p e c t r a l  h a l f - w i d t h  o f  t h e  r a d i -  
a t i o n  i s  a l s o  a f f e c t e d  by t h e  tempera tu re .  T h e o r e t i c a l  and exper imen ta l  s t u d i e s  done 
on o p t i c a l  c h a r a c t e r i s t i c s  o f  semiconductor  l i g h t  sources have shown t h a t  t h e i r  t e m -  
p e r a t u r e  dependent p r o p e r t i e s  obey some e x p o n e n t i a l  r e l a t i o n s h i p .  A p r o l o n g e d  oper -  
a t i o n  of  LEDs a t  e l e v a t e d  tempera tu res  a l s o  causes d e g r a d a t i o n  i n  t h e i r  per formance.  
The d e g r a d a t i o n  m a n i f e s t s  i t s e l f  i n  a q u a s i - e x p o n e n t i a l  decrease i n  o u t p u t  power w i t h  
t i m e .  The change i n  t h e  s p e c t r a l  c h a r a c t e r i s t i c s  of an LED o p e r a t e d  a t  100 mA con- 
t i n u o u s  c u r r e n t  and ambien t  t empera tu re  Ta = 90 O C  i s  demonst ra ted  i n  F i g .  1 .  The 
f i g u r e  shows s p e c t r a  measured i m m e d i a t e l y  a f t e r  t h e  ambient temperature reached 90 O C ,  
a f t e r  72  h o u r s ,  and a f t e r  168 hours  o f  o p e r a t i o n  a t  t h i s  tempera tu re .  
F i g u r e  2 shows LED s p e c t r a  measured a t  d i f f e r e n t  ambient t empera tu res .  To char-  
a c t e r i z e  t h e  thermal  s e n s i t i v i t y  o f  LEDs such i n c r e m e n t a l  parameters as a t h e r m a l l y  
induced changes i n  t h e  c e n t r a l  wave length  A X c / A T ,  s p e c t r a l  bandwidth A ( A X ) / A T ,  
and e m i t t i n g  power A P / A T  a r e  o f t e n  used. These parameters  a r e  sometimes g i v e n  by 
LED manu fac tu re rs  i n  p r o d u c t  s p e c i f i c a t i o n s ,  and t h e i r  va lues  depend on b o t h  t h e  
m a t e r i a l  and t h e  f a b r i c a t i o n  p rocess  used. 
2 
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3. COMPENSATION FOR CHANGES I N  E M I T T E D  POWER 
Among t h e  parameters ment ioned above, t h e  tempera tu re  e f f e c t s  on LED e m i t t e d  
O I f f e r e n t  t echn iques  for compensation have been proposed.11 
power i s  t h e  e a s i e s t  one f o r  which t o  compensate. V a r i a t i o n s  i n  t h e  e m i t t e d  power 
propagate th rough  t h e  system and a f f e c t  i t s  performance t h e  same way v a r i a b l e  losses 
do. The most commonly 
used compensating techn ique  i s  based on a two wave length  r e f e r e n c i n g  scheme.l2313 
I n  t h i s  compensating techn ique ,  one wave length  l i e s  i n  t h e  range o f  s p e c t r a l  s e n s i -  
t i v i t y  of t h e  sensor .  The o t h e r  wave length  i s  o u t s i d e  t h i s  range .  Thus, t h e  r a t i o  
o f  s i g n a l s  coming back from t h e  sensor i s  independent  o f  v a r i a b l e  l o s s e s  th rough  t h e  
sys tem.  I f  the  parameter A P I A T  has t h e  same v a l u e  a t  b o t h  wavelengths,  t h i s  r a t i o  
would a l s o  be independent of t h e  v a r i a t i o n s  i n  t h e  e m i t t e d  power. However ,  i n  a sys- 
t e m  w i t h  two LEDs t h e  parameter  A P / A T  i s  u s u a l l y  d i f f e r e n t  f o r  each source.  I n  
t h i s  case a d d i t i o n a l  r e f e r e n c i n g  may be used. 
An example o f  a sens ing  system w i t h  dua l  wave length  r e f e r e n c i n g  and power l e v e l  
The LEDs a r e  d r i v e n  by a 
compensat ion i s  shown i n  F i g .  3 .  Two LEDs w i t h  d i f f e r e n t  wavelengths,  1 1  and 
X2, a r e  used t o  genera te  a s i g n a l  and a r e f e r e n c e  channel .  
p u l s e  g e n e r a t o r  i n  such a way t h a t  p u l s e s  of r a d i a t i o n  e m i t t e d  by t h e  LEDs a r e  m u l t i -  
p l e x e d  i n  t i m e .  T h i s  p e r m i t s  u s i n g  t h e  same p h o t o d e t e c t o r  f o r  b o t h  t h e  s i g n a l  and 
t h e  r e f e r e n c e  channels .  An i n i t i a l  s i g n a l  t h a t  c o n s i s t s  of two p u l s e s  e n t e r s  t h e  
system th rough  a 2 by 2 c o u p l e r .  The c o u p l e r  s p l i t s  t h e  s i g n a l  t h rough  two p o r t s .  
One p o r t  d i r e c t s  t h e  p u l s e s  towards t h e  sensor and t h e  r e t u r n  s i g n a l  i s  d e t e c t e d  by a 
p h o t o d e t e c t o r  (PDs) .  The s i g n a l  t h a t  reaches t h i s  p h o t o d e t e c t o r  c o n s i s t s  o f  a p e r i -  
o d i c  double p u l s e ,  w i t h  one p u l s e  a t  t h e  wave length  1 1  h a v i n g  an a m p l i t u d e  V s l  
and t h e  o t h e r  one a t  t h e  wave length  1 2  h a v i n g  an a m p l i t u d e  Vs2. The o t h e r  p o r t  
i s  used to  d i r e c t  a p o r t i o n  o f  t h e  i n i t i a l  s i g n a l  towards ano the r  p h o t o d e t e c t o r ,  P D r ,  
for  t h e  power l e v e l  compensat ion.  T h i s  p h o t o d e t e c t o r  sees p u l s e s  o f  a m p l i t u d e s  V r l  
and Vr2 a t  wavelengths 11 and 12 , r e s p e c t i v e l y .  The r e s u l t a n t  s i g n a l  used 
t o  r e t r i e v e  i n f o r m a t i o n  about  t h e  measured parameter  can be w r i t t e n  i n  t h e  form: 
V = V s l V r 2 l V s 2 V r l  
where V s l  and V s 2  a r e  amp l i t udes  o f  s i g n a l s  coming f r o m  t h e  sensor a t  wave- 
l e n g t h s  1 1  and 1 2  r e s p e c t i v e l y ,  and V r l  and V r 2  a r e  a m p l i t u d e s  o f  power 
l e v e l  compensating s i g n a l s  a t  wavelengths 11 and 12 r e s p e c t i v e l y ,  and i s  i nde -  
pendent o f  v a r i a t i o n s  i n  LED power l e v e l s .  E x p e r i m e n t a l  t e s t i n g  o f  t h i s  scheme has 
shown t h a t  an a r b i t r a r y  decrease i n  t h e  o u t p u t  power o f  any o f  t h e  LEDs used t o  70 
p e r c e n t  o f  t h e  i n i t i a l  power r e s u l t s  i n  l e s s  t h a n  a 2 p e r c e n t  error i n  t h e  f i n a l  
r e s u l t .  
An a l t e r n a t e  approach i n v o l v e s  t i m e  domain r e f e r e n c i n g . 1 4 - 1 6  The p r i n c i p l e  
o f  t h i s  techn ique  i s  based on s e p a r a t i o n  o f  t h e  s i g n a l  and r e f e r e n c e  channe ls  i n  t h e  
t i m e  domain o v e r  t h e  same f i b e r  o p t i c  l i n k .  Th i s  i s  ach ieved  by p u l s i n g  t h e  source 
and comparing t h e  a m p l i t u d e  o f  a r e f e r e n c e  p u l s e  w i t h  t h e  one r e t u r n e d  from t h e  sen- 
sor. The r a t i o  o f  t h e  p u l s e  a m p l i t u d e s  i s  independent  o f  t h e  i n i t i a l  power l e v e l .  
Another  compensat ing scheme t h a t  can be used i n v o l v e s  c o n t r a s t  m o d u l a t i o n  o f  an 
i n t e r f e r e n c e  p a t t e r n  by an i n t e n s i  t y  sensor .  1 7  
4. COMPENSATION FOR CHANGES I N  SPECTRAL D I S T R I B U T I O N  
Because o f  t h e  s p e c i f i c  n a t u r e  o f  s p e c t r a l  sensors,  power l e v e l  r e f e r e n c i n g  
a l o n e  i s  n o t  s u f f i c i e n t  f o r  c o n s t r u c t i n g  a t h e r m a l l y  s t a b l e  sens ing  system. 
3 
Therefore, in addition to power referencing, it i s  necessary also to stabilize t h e  
iystem against changes in the optical spectrum ,3f the light source used. fiber 
optic sensing systems stabilized against changes in spectral characteristics of LEDs 
due to changes in the ambient temperature can be grouped into three categories: s y s -  
tems with active compensation, systems with passive compensation, and systems with- 
m t  Compensation. 
: . l .  __ Systems with active compensation 
In systems with active compensation the spectral characteristics of the source 
dre maintained by controlling the temperature of the junction directly. Two para- 
meters are mainly involved in a thermodynamic process of heating an LED, an average 
current that passes through the junction and the ambient temperature o f  the device. 
dotn the current and the ambient temperature contribute jointly to the thermal sta- 
bility of the light sources. LED spectra at room temperature and different dc cur- 
rents are shown in Fig. 4 .  It is obvious that in order to stabilize the spectrum at 
room temperature the average current should be small. This can be achieved by puls- 
ing the source instead of employing continuous dc. Lower pulse duty cycles yield 
lower average curr-ents and lessen the thermodynamic disturbance (heat) .I8 This 
results in reduced spectral changes in the LED radiation. Thus, the simplest form 
of active compensation could involve changing the average current through the junc- 
tion in accordance with the change in the ambient temperature. However, this 
approach has restrictions because of limited dynamic range of the current-wavelength 
dependency. 
Another active compensation technique involves heating or cooling the device to 
temperatures which are basically outside the reach of ambient temperature excursions 
or holding it at a desired set point temperature anywhere within the operating range 
of the device. 
Heating of the LED is achieved with either resistive or thermal electric 
devices. Resistive heaters fall into two general categories: resistive strip and 
positive temperature coefficient (PTC) thermistors. In the resistive strip the cur- 
rent passes through a resistive element which dissipates heat generated in the pro- 
cess. The LED assembly is thermally connected with the strip and is in turn heated. 
PTC thermistors are passive devices whose electrical resistance rises with tempera- 
ture. The device dissipates the power as heat. The heat in turn raises the resist- 
ance of the thermistor. As a result the dissipated power decreases. This internal 
feedback allows stable operation without external control. 
Another form of active compensation involves thermal electric devices (TED). 
The principle of these devices is based on the dissimilar thermodynamic properties 
of two materials configured in such a way that they form two junctions. A voltage 
applied to these junctions creates a temperature difference between the two junc- 
tions. This phenomenon is known as the Peltier effect. The direction of heat flow 
through the device is dependent on the polarity of the input electrical current. 
Therefore heating can be achieved by applying current in one direction, cooling by 
applying it in the other. In the heating mode a large portion of the heat produced 
by the device is due to its resistive component. The remainder must be pumped from 
the environment and this requires a great deal of electric power; more so than the 
schemes mentioned above. Also, the device loses efficiency as the temperature of the 
outside environment drops. 
4 
The e f f i c i e n c y  o f  t h e  TED as a c o o l i n g  element i s  even lower because t h e  r e s i s -  
t i v e  component i n  t h e  d e v i c e  i s  p r o d u c i n g  h e a t  r e g a r d l e s s  o f  t h e  d i r e c t i o n  of t h e  
c u r r e n t  f l o w .  There fo re  i n  t h e  c o o l i n g  mode t h e  power a p p l i e d  t o  t h e  TED must o v e r -  
come i t s  s e l f  h e a t i n g  and a l s o  c o o l  t h e  a t t a c h e d  LED. However f o r  i t s  s i z e  and g i v e n  
t h e  f a c t  t h a t  i t  has no moving p a r t s  or  r e s t r i c t i o n s  on p h y s i c a l  o r i e n t a t i o n ,  t h e  TED 
i s  an i d e a l  c o o l i n g  d e v i c e  f o r  e l e c t r o n i c  components. 
4 . 2 .  Systems w i t h  p a s s i v e  compensat ion 
I n  s y s t e m s  w f t h  p a s s i v e  compensat ion t h e  average c u r r e n t  t h rough  the  j u n c t i o n  
remains t h e  same and t h e  compensat ion i s  ach ieved  i n  t h e  s i g n a l  p r o c e s s i n g  hardware. 
The s i g n a l  p r o c e s s i n g  hardware p r o v i d e s  compensation based on knowledge o f  va lues  o f  
LEDs s p e c t r a l  c h a r a c t e r l s t l c s ,  such as t h e  c e n t r a l  wave length  and bandwidth,  a t  d l f -  
f e r e n t  t empera tu res .  The i n f o r m a t i o n  about  t h e  s p e c t r a l  parameters can be o b t a i n e d  
e i t h e r  i n d i r e c t l y  by measur ing  t h e  ambient temperature and p r e d i c t i n g  these para-  
meters o r  d i r e c t l y  by measur ing  t h e  p o s i t i o n  o f  t h e  c e n t r a l  wave length  and the  
bandwidth.  
A schematic o f  an i n d i r e c t  p a s s i v e  compensat ion scheme i s  p resen ted  i n  F i g .  5 .  
A look up t a b l e  (LUT) which c o n t a i n s  the  va lues  o f  t h e  s p e c t r a l  parameters f o r  t h e  
s p e c i f i c  LED used versus temperatures i s  p o s i t i o n e d  i n  the  read  o n l y  memory (ROM).  
The s i g n a l  t h a t  comes back from t h e  sensor i s  d e t e c t e d  by t h e  p h o t o d e t e c t o r  ( P D ) ,  
ana lyzed  i n  t h e  p rep rocesso r  ( P P C ) ,  and sen t  t o  t h e  m ic rop rocesso r  ( P P I .  Values o f  
t h e  s p e c t r a l  parameters o f  t h e  LED a t  t h e  measured ambient temperature Ta a r e  r e a d  
from t h e  LUT. 
ano the r  one c o u l d  l e a d  t o  a reprogramming of t h e  ROM and to  a r e c a l i b r a t i o n  o f  t h e  
e n t i r e  sens ing  system. D e s p i t e  t h e  f a c t  t h a t  v a r i a t i o n s  i n  t h e  source i n t e n s i t y  can 
be compensated by t h e  power r e f e r e n c i n g  techn ique  as ment ioned above, any o t h e r  
changes I n  t h e  source s p e c t r a l  c h a r a c t e r i s t i c s  due t o  a g i n g  and d e g r a d a t i o n  a r e  n o t  
e l i m i n a t e d  by t h i s  techn ique .  
A ma jo r  p rob lem l i e s  i n  t h e  f a c t  t h a t  a rep lacement  o f  one LED by 
A d i r e c t  p a s s i v e  compensat ion techn ique  i n v o l v e s  t h e  con t inuous  measurement o f  
t h e  s p e c t r a l  parameters o f  t h e  LEDs used and p r o c e s s i n g  these d a t a  w i t h  a m ic rop ro -  
cesso r .  A schemat ic  d iagram of a sens ing  sys tem u s i n g  d i r e c t  p a s s i v e  compensat ion 
i s  shown i n  F i g .  6 .  A p o r t i o n  o f  t h e  r a d i a t i o n  e m i t t e d  by t h e  l i g h t  source i s  spread 
i n  t h e  wave length  domain by an a p p r o p r i a t e  d i s p e r s i n g  element ( D E ) .  A p h o t o d e t e c t o r  
a r r a y  ( P D A )  s e e s  t h i s  d i s p e r s i o n  as a s p e c t r a l  i n t e n s i t y  d i s t r i b u t i o n  a l o n g  t h e  
a r r a y .  Thus the shape o f  t h e  d i s t r i b u t i o n  and i t s  p o s i t i o n  can be e a s i l y  d e t e c t e d .  
A s i g n a l  c o n d i t i o n e r  (SC) t akes  t h e  i n f o r m a t i o n  f r o m  the  a r r a y  and c o n v e r t s  i t  i n t o  
d a t a  a c c e p t a b l e  t o  a m ic rop rocesso r  ( P P I .  The d a t a  f r o m  t h e  sensor i s  a l s o  sen t  
t o  t h e  m ic rop rocesso r  v i a  a p h o t o d e t e c t o r  (PO> and a p rep rocesso r  ( P P C ) .  Th i s  tech-  
n i q u e  p e r m i t s  an a c c u r a t e  t r a c k i n g  o f  t h e  e n t i r e  s p e c t r a l  i n t e n s i t y  d i s t r i b u t i o n .  
Thus, a d d i t i o n a l  power l e v e l  r e f e r e n c i n g  can be avo ided .  O b v i o u s l y ,  t h i s  techn ique  
p r o v i d e s  a b e t t e r  compensat ion t h a n  t h e  p r e v i o u s  one. However a sens ing  system w i t h  
d i r e c t  p a s s i v e  compensat ion would be more complex, and t h e r e f o r e ,  p o s s i b l y  l e s s  
r e 1  i a b l e .  
4 . 3 .  Systems w i t h o u t  compensat ion 
v a r i a t i o n s  i n  t h e  s p e c t r a l  d i s t r i b u t i o n  of t h e  LED r a d i a t i o n  ove r  a s p e c i f i e d  range 
of ambient t empera tu res .  
F i b e r  o p t i c  sens ing  sys tems w i t h o u t  compensation a r e  des igned t o  t o l e r a t e  a l l  
5 
The b e s t  known c o n f i g u r a t i o n  o f  a Nd-based tempera tu re  sens ing  system w i t h o u t  
c m p e n s a t i o n  i n v o l v e s  r e s t r i c t i n g  t h e  o p t i c a l  spectrum o f  t h e  source u s i n g  o p t i c a l  
f i l t e r s . 1 9  Th is  techn ique  p r o v i d e s  e f f e c t i v e  s t a b i l i z a t i o n  and has been used 5 U C -  
c e s s f u l l y  on  seve ra l  occas ions .  However t h e  employment o f  f i l t e r s  a l s o  has dra+ 
backs. Transmisb ion  o f  t h e  f i l t e r s  I s  low and u s u a l l y  does n o t  exceed 60 p e r c e n t .  
T h i s  p l a c e s  demands on  t h e  power budget  and e s t a b l i s h e s  a requ i remen t  e i t h e r  t o  use 
more power fu l  LEDs or  t o  i n c r e a s e  t h e  o p e r a t i n g  c u r r e n t .  I n  a d d i t i o n  t o  t h i s ,  t h e  
s p e c t r a l  window of t h e  f i l t e r  i t s e l f  i s  a f f e c t e d  by t h e  ambient t empera tu re .  T h i s  
thermal  s e n s i t i v i t y  i s  g r e a t e r  f o r  f i l t e r s  w i t h  nar rower  s p e c t r a l  windows. Among 
t h e  o t h e r  d isadvantages  of u s i n g  o p t i c a l  f i l t e r s  a r e  p o s s i b l e  a l i g n m e n t  problems 
and reduced r e l i a b i l i t y  due t o  use o f  a d d i t i o n a l  components. 
Another approach t o  b u i l d i n g  a Nd-doped thermometer w i t h o u t  compensat ion 
i n v o l v e s  u s i n g  p a r t s  and components t h a t  a r e  i n s e n s i t i v e  t o  changes i n  t h e  ambien t  
t empera tu re .  The sensor i t s e l f  and t h e  LED used a r e  t h e  p r i m a r y  t a r g e t s  f o r  e n g i -  
n e e r i n g  e f f o r t s  t o  b u i l d  a s y s t e m  i n s e n s i t i v e  t o  ambient t empera tu res .  
The sensor c o u l d  be des igned t o  t o l e r a t e  some v a r i a t i o n s  i n  t h e  LED e m i s s i o n  
spectrum. The a b s o r p t i o n , s p e c t r u m  o f  Nd-doped m a t e r i a l  depends on  b o t h  t h e  concen- 
t r a t i o n  o f  Nd3+ i o n s  and t h e  h o s t  used. An i n c r e a s e  i n  t h e  c o n c e n t r a t i o n  l eads  
t o  o v e r l a p p i n g  o f  i n d i v i d u a l  a b s o r p t i o n  l i n e s  and t h e  f o r m a t i o n  o f  s o l i d  a b s o r p t i o n  
bands. 
g l a s s  doped w i t h  3 . 5 .  6.0. and 8.0 w t  % Nd2O3. Broader  a b s o r p t i o n  bands and 
sha rpe r  boundar ies  between t h e  bands a r e  c l e a r l y  a s s o c i a t e d  w i t h  a l a r g e r  concen t ra -  
t i o n .  
range o f  ambient t empera tu res  because t h e  m i d d l e  p o i n t s  o f  t h e  n e i g h b o r i n g  absorp- 
t i o n  and t r a n s m i s s i o n  bands i n  t h e  s p e c t r a l  r e g i o n  o f  i n t e r e s t  (700 t o  900 nm) a r e  
separa ted  by  a p p r o x i m a t e l y  30 nm. Thus, f o r  an LED w i t h  AXc/AT = 0.1 nm/OC. 
P A  = 20 nm, dnd AtAA>/AT = 0 , compensat ion would be p o s s i b l e  f o r  an approx imate  
range o f  ambient tempera tures  Ta = To 5 5 O C .  Th is  p r e d i c t i o n  has been made under 
t h e  assumptions t h a t  boundar ies  between t h e  bands have a r e c t a n g u l a r  shape and t h e  
LED c e n t r a l  wdve length  a t  room tempera tu re  To l i e s  i n  t h e  m i d d l e  o f  t h e  a b s o r p t i o n  
band. 
F i g u r e  7 p r e s e n t s  measured t r a n s m i s s i o n  s p e c t r a  o f  6 mm t h i c k  samples of 
However t h e  d e s c r i b e d  approach p e r m i t s  o n l y  p a r t i a l  s t a b i l i z a t i o n  o v e r  a sma l l  
Host m a t e r i a l s  a l s o  a s s i s t  i n  t h e  b roaden ing  o f  t h e  a b s o r p t i o n  bands. Hosts 
w i t h  c r y s t a l l i n e  s t r u c t u r e s  o f  l ower  symmetry would e x h i b i t  b roaden ing  and o v e r l a p -  
p i n g  o f  t h e  a b s o r p t i o n  bands. On t h e  o t h e r  hand, f i n e  s t r u c t u r e s  o f  a b s o r p t i o n  
a s s c c i a t e d  t r a n s i t i o n s  c o u l d  be observed i n  h o s t  m a t e r i a l s  w i t h  h i g h l y  symmet r i ca l  
s t r u c t u r e s .  Recent r e p o r t s  on  such m a t e r i a l s  w i t h  low symmetry h o s t s  as Nd:YVO and 
Nd:BeL have shown s i g n i f i c a n t  b roaden ing  o f  t h e  a b s o r p t i o n  bands i n  1 p e r c e n t  
Nd-doped c r y s t a l  s .20-24 
g l a s s  would be one o f  t h e  b e s t  cand ida tes  as a h o s t  m a t e r i a l .  
Because amorphous m a t e r i a l s  have t h e  l o w e s t  symmetry, 
A s  rega rds  t h e  source i t  i s  o b v i o u s  t h a t  t h e  s e n s i t i v i t y  of t h e  s y s t e m  t o  
ambient tempera ture  can be reduced i f  t h e  s p e c t r a l  bandw id th  i s  s i g n i f i c a n t l y  g r e a t e r  
than t h e  s p e c t r a l  r e g i o n  o f  i n t e r e s t  where t h e  a b s o r p t i o n  bands o f  Nd3+ i o n  l i e .  
To show t h e  e f f e c t  o f  t h e  s p e c t r a l  bandwid th ,  two LEDs w i t h  t h e  same c e n t r a l  wave- 
l e n g t h  o f  810 nm and d i f f e r e n t  s p e c t r a l  bandwid ths  o f  30 and 100 nm have been chosen 
for t h e  s tudy .  Then assuming t h a t  t h e  i n i t i a l  e m i t t e d  power a t  room tempera ture  f o r  
b o t h  LEDs i s  t h e  same, 
power P t h a t  reaches a p h o t o d e t e c t o r  has been computed as a f u n c t i o n  o f  t h e  
sensor tempera ture  T s  f o r  ambient tempera tures  Ta = -40 O C ,  Ta = 25  O C ,  and 
Ta = 7 5  O C .  The r e s u l t s  o f  t h e  compu ta t i ons  a r e  shown i n  Tab le  I .  I t  i s  seen from 
t h e  t a b l e  t h a t  t h e  d e v i a t i o n  i n  t h e  computed power f o r  t h e  LED w i t h  A 1  = 100 nm 
A A c / A T  = 0.2 nm/OC, and A ( A A ) I A T  = 0.1 nm/OC, a t o t a l  
- -  
a t  Ta = -40 O C  and Ta = 75 O C  does n o t  exceed 1 p e r c e n t  o f  t h e  power a t  
Ta = 2 5  O C  o v e r  t h e  range o f  Ts  
w i t h  ah = 30 nm t h e  c o r r e s p o n d i n g  changes i n  t h e  computed power r a p i d l y  become 
i n t o l e r a b l e .  
from 0 t o  300 O C .  On t h e  o t h e r  hand, for  t h e  LED 
5 .  CONCLUSION 
The p r e l i m i n a r y  r e s u l t s  of t h e  s t u d y  have shown t h a t  d e s p i t e  a v a r i e t y  of com- 
p e n s a t i n g  techn iques ,  n o t  a l l  o f  them can be used i n  a i r b o r n e  a p p l i c a t i o n s  due to  
e i t h e r  c o m p l e x i t y ,  s i z e ,  o r  power budget  c o n s i d e r a t i o n s .  The most p r o m i s i n g  approach 
would i n v o l v e  an LED w i t h  a b road  s p e c t r a l  bandw id th .  A r e f e r e n c e  channel  i n  t h i s  
case c o u l d  be c o n s t r u c t e d  by e i t h e r  u s i n g  ano the r  LED w i t h  a c e n t r a l  wave length  i n  
t h e  s p e c t r a l  r e g i o n  o u t s i d e  t h e  a b s o r p t i o n  bands o f  t h e  Nd3+ i o n ,  or employ ing  one 
o f  t h e  t i m e  domain or RF m o d u l a t i o n  r e f e r e n c i n g  techn iques .  The c u r r e n t  non- 
a v a i l a b i l i t y  of LEDs w i t h  s u f f i c i e n t l y  b road s p e c t r a l  bandwidths can be overcome by  
combin ing  s e v e r a l  LEDs w i t h  d i f f e r e n t  c e n t r a l  wavelengths and nar rower  bandwid ths .  
T h i s  approach leads  t o  a more complex system. However, t h e  c o m p l e x i t y  can be reduced 
i f ,  i n  a d d i t i o n ,  one of t h e  forms o f  e i t h e r  a c t i v e  or p a s s i v e  compensat ion i s  used. 
T h i s  wou ld  p e r m i t  t h e  u t i l i z a t i p n  o f  commerc ia l l y  a v a i l a b l e  LEDs w i t h  na r rower  band- 
w i d t h s .  Exper imen ta l  t e s t s  a r e  p lanned i n  o r d e r  t o  ana lyze  f u l l y  t h e  advantages and 
d i sadvan tages  of t h e  compensat ing techn iques  d i scussed  i n  t h i s  s tudy .  
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